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2. In an attempt to explain this finding we have re-examined our own data and data taken from the literature. Our own data comprise measurements on 333 healthy people (196 men and 137 women). In all subjects we measured total body potassium and estimated fat-free mass from body weight and skinfold thickness; in 91 of them (62 men and 29 women) we measured, in addition, total body nitrogen.
3. We have used the statistical technique of factor analysis to obtain unbiased estimates of the relationships between the three quantities measured in the smaller group. The validity of the relationships is supported by the results from the larger group and by data from the literature.
4.
The average values of total body potassium and fat-free mass are greater in men than in women, but the relationship between the two variables is identical in men and women. The relationship has a positive intercept on the axis of fat-free mass, so that the ratio of total body potassium to fat-free mass increases with fat-free mass. The higher ratio in men compared with women can therefore be explained by a difference in size alone.
5.
The relationship between total body potassium and total body nitrogen has a negligible intercept. Therefore the ratio of total body potassium to total body nitrogen does not change with size.
Introduction
The separate estimation of the amounts of fat and fat-free tissue in the body has, in the past, been of interest primarily to physical anthropologists and exercise physiologists. In recent years, however, there has been increasing clinical interest in the separate changes in fat and fat-free tissues in patients who have lost or gained weight.
The mass of fat-free tissue has been estimated in two ways. One way is to assume that the body is made up of only two compartments, fat and fatfree, each homogeneous but of different and known density. This model, together with measurements of whole-body density and body weight, allows the masses of the fat and fat-free compartments to be separately calculated. Whole-body density is most directly measured by underwater weighing, but a more generally available and acceptable technique is to estimate it from skinfold thickness, age and sex [l] . This leads to an estimate of the mass of fat-free tissue, based on the twocompartment model and skinfold thickness, which we shall refer to as the 'fat-free mass'.
An alternative way is to estimate the amount of fat-free tissue from the total body content of a component which is not in fat, but which is more or less uniformly distributed through the remainder of the body. Two components which fit these criteria and which can be measured in the whole body are potassium [2] , which has been used in many studies, and nitrogen; measurement of total body nitrogen requires more complex equipment and has only recently become available [2-71. Total body potassium and fat-free mass have been regarded as alternative estimators of the mass of fat-free tissues in the body and the one has been used t o predict the other. It is generally accepted that the ratio of total body potassium to fat-free mass is higher in men than in women [8] and this difference is taken into account in the prediction. A preliminary analysis of our own data on healthy subjects [9] suggested, however, that there was not one ratio of total body potassium to fat-free mass in men and another in women. Instead there was an identical relationship between total body potassium and fat-free mass in men and women, so that there was a continuous increase in the ratio of total body potassium to fat-free mass as the amount of fat-free tissue increased.
We therefore set out to define more precisely the relationship between total body potassium and fat-free mass in healthy men and women. When both variables are measured with random error, standard h e a r regression techniques give biased estimates of the values of the parameters in the relationship. We have obtained unbiased estimates by using the technique of factor analysis. Factor analysis requires at least a third related variable, and we have used total body nitrogen. The obtained relationship was compared with the values of total body potassium and fat-free mass measured in a larger group of healthy subjects in whom total body nitrogen was not measured, and with the published mean values of total body potassium and fat-free mass in healthy persons.
Subjects and methods
We have measured fat-free mass and total body potassium in a total of 333 healthy subjects (196 men and 137 women). The subjects were members of hospital and laboratory staffs and their friends and relatives, students, factory workers Total body potassium was estimated by counting gamma-rays from the naturally occurring radioisotope of potassium, '%. Total body nitrogen was measured by neutron activation analysis in vivo. The methods have been described in detail in a previous account of the measurements [9] . The standard errors of the estimates of both total body potassium and total body nitrogen are approximately 4% of the body content of the element [9,12].
Atblished data
We took from the literature four reports [13-161 describing three studies in which estimates of total body potassium and fat-free mass were recorded for healthy adult men and women separately. In all the studies total body potassium had been measured by whole-body radiation counting. In two [13-151 fat-free mass had been estimated by anthropometry; in one of these [13] 135 men and 161 women had been measured and in the other [14,15] 58 men and 57 women. In the third study [16], of five groups of subjects comprising 36 men and 43 women, fat-free mass was estimated from body density measured by underwater weighing. We also took two further reports of studies in which both total body potassium and nitrogen had been measured [17,18]. In ode [17], a study of 73 men and 62 women, fat-free mass had been calculated from measured.body water; in the other [18], of 15 men and 8 women, fat-free mass was not reported, so we estimated total body water, and hence fat-free mass, from height and weight by the formulae of Hume & Weyers [19] . We excluded from the analysis the data for 23 'muscular' and 25 'obese' subjects given by Womersley et al. [ 161.
Statistical methods
The mean and standard deviation of each variable, and correlation coefficients and linear regression equations relating pairs of variables, were calculated by standard methods for each group of our subjects and for combinations of groups. Some of the equations have already been published [9] .
A linear regression equation relating two variables x and y has the form:
where a and b are constants. The equation gives the best prediction of the measured value of y from the measured value of x. However, if the values of x contain random errors of measurement, regression analysis gives a biased estimate of the relationship between the true values of x and y.
In particular, the value of the slope, b, is underestimated by an amount which depends on the size of the random errors in x relative to the range of the true values of x [20] . This bias can be avoided by the use of factor analysis (see the Appendix).
In order to apply factor analysis we have assumed that total body potassium, total body nitrogen and fat-free mass are each related linearly to the amount of a single entity, the true mass of fat-free tissue. Factor analysis provides four pieces of information: Results Table 1 shows the mean values and standard deviations of age and the measured quantities in our groups of healthy subjects. On average, the men are taller and heavier, and have higher fat-free mass, total body potassium and total body nitrogen than the women. The mean ratio of total body potassium to .fat-free mass is also higher in men than in women; however, the differences between the mean values for the two sexes are comparable with the standard deviations, and therefore there is considerable overlap between individual values for the two sexes.
To carry out factor analysis of fat-free mass, total body potassium and total body nitrogen, means and standard deviations of these quantities, and the coefficients of correlation between them, are required for the 91 subjects whose total body nitrogen was measured. The means and standard deviations are given in Table 1 . Fat-free mass had a correlation coefficient of 0.953 with total body potassium and 0.935 with total body nitrogen; total body potassium and nitrogen together had a correlation coefficient of 0.963. Fig. l(a) shows the individual values of total body potassium and fat-free mass in these 333 subjects. The visual impression is that there is a relationship between the two variables and that the relationship is continuous and identical in men and women. Previous analysis of the data for the 91 subjects whose total body nitrogen was measured showed that a single linear regression equation fitted all the data, regardless of sex [9] ; this relationship is shown by the broken line in Fig. l(a). Figs. l(b) and l(c) show how fat-free mass and total body potassium are related to total body nitrogen in the 91 subjects; relationships found by linear regression analysis are again shown by broken lines. Our previous analysis 191 showed that, in the case of total body potassium and total body nitrogen, the data for men and women combined were not adequately fitted by a single line; separate but parallel lines were required.
Factor analysis was carried out on the measured values of fat-free mass, total body nitrogen and total body potassium in the 91 subjects. The 
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Total body nitrogen (9) FIG. 2. Relationships between mean values of fat-free mass, total body potassium and total body nitrogen for groups of healthy subjects (taken from the literature). 0 , Males; 0, females. The lines are the relationships determined by factor analysis of data from our own healthy subjects, shown in Fig. 1 .
These relationships are shown in Figs. l(a), (b) and (c) as continuous lines. Figs. 2(a), 2(b) and 2(c) show the mean values of total body potassium, fat-free mass and total body nitrogen collected from the literature, compared with the relationships obtained by factor analysis (eqns. 5-7). The mean values fall randomly about the relationships with equally good fits in men and women.
The relationship between total body potassium and fat-free mass is identical in men and women and has, by extrapolation, a positive intercept on the axis of fat-free mass. The ratio of true total body potassium to true fat-free mass therefore increases as fat-free mass increases, from 49.3 mmol/kg when the fat-free mass is 30 kg to 62.2 mmol/kg when the fat-free mass is 80 kg. The ratio is therefore greater in men than in women, but men and women of similar fat-free mass have a similar ratio.
In contrast the relationship of true total body potassium to true total body nitrogen passes near to the origin (Fig. lc) ; therefore the ratio of total body potassium and total body nitrogen is almost constant at 1.81 mmol/g over the whole range of total body nitrogen and hence is similar in men and women.
Each of the three variables total body potassium, total body nitrogen and fat-free mass can be used to estimate the true amount of fat-free tissue. Factor analysis gives an estimate of the standard deviation of the random error of each variable (see eqns. A7 and A8 in the Appendix). The values found, 3.12 kg of fat-free mass, 108 mmol of potassium and 103 g of nitrogen, are similar to the analytical standard errors determined by experiment, which were 2.8 kg of fatfree mass, 120 mmol of potassium and 7 0 g of nitrogen.
Discussion
Our results, like the published studies, show that, on average, fat-free mass, total body potassium, total body nitrogen and the ratio of total body potassium to fat-free mass are greater in men than in women (Table 1 ; Fig. 1) .
The choice of a value of the ratio of body potassium to fat-free mass is controversial [8, 211. A common choice is 68.1 mmol/kg, as proposed by Forbes et al. [22] . Our results suggest that this value is too high. More recently, Forbes adopted a value approximately 6% lower for women [23] , but our results suggest that even this value is too high for women and would be more appropriate for men ( Table 1) .
The choice of different values of the ratio for men and women implies that the varjation in the ratio within a group of men or women is less than the variation between men and women, which in turn implies that the average composition of the fat-free tissues is different in men and women. Our data, and the data collected from the literature (Figs. l and 2) , do not support these implications. We find that values for men and women form a continuum in which total body potassium and total body nitrogen increase with fat-free mass regardless of sex. The mean ratio of measured total body potassium (TBK,) to measured fat-free mass (FFM,) in subjects with a given value of FFM, is found by substituting numerical values into eqn. (A10) of the Appendix:
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FFM, E) = 64.77 -- (8) The mean value of the ratio and the standard error of the estimate for an individual are 53.8 and 7.9 mmol/kg when FFM, = 30, and 60.6 and 3.0 mmol/kg when FFM, = 80. These expected mean values of the measured ratio differ from the ratios of the corresponding true values given earlier, as a consequence of the random errors of measurement. The standard errors of estimate show that the variation between individuals with the same measured fat-free mass is not less than the differences to be expected between mean values for groups of people with high and low measured fatfree mass, such as men and women.
Goode & Hawkins [ 141 have suggested that the greater the proportion of muscle in the fat-free tissues, the higher will be the ratio of total body potassium to fat-free mass, since muscle is relatively rich in potassium; on average, men have a higher ratio than women, and should therefore contain a greater proportion of muscle. We independently suggested that the ratio of total body potassium to total body nitrogen also is determined by the proportion of muscle in the fat-free tissues [24] . The data presented here show some inconsistency between these two ideas; the ratio of total body potassium to fat-free mass increases with fat-free mass, implying that the greater the amount of fatfree tissue the higher the proportion of muscle, whereas the ratio of total body potassium t o total body nitrogen is practically constant at any value of total body nitrogen, implying a constant proportion of muscle whatever the amount of fatfree tissue.
This inconsistency does not detract from the conclusion that both relationships are identical in men and women and that the difference between men and women is essentially one of amount and not type of lean tissue. Nevertheless, the inconsistency demands an explanation. It arises because the plotted relationship between total body potassium and total body nitrogen passes through the origin, whereas the relationships between total body potassium or total body nitrogen and fat-free mass do not (Figs. 1 and 2) ; they each have an intercept on the axis of fat-free mass of 8.9 kg (calculated from eqns. 5 and 7). The fat-free mass can therefore be regarded as having two components, one of 8.9 kg which contains no potassium or nitrogen (i.e. is non-cellular) and another which contains 70mmol of potassium and 38.6 g of nitrogenlkg. This cellular ' tissue therefore has a potassium to nitrogen ratio of 1.81 mmol/g. If the tissue consisted entirely of skeletal muscle, we should expect a ratio of 3.0 mmol/g [24] ; if it consisted entirely of non-muscle fat-free tissue, then we should expect a ratio of 1.33 mmol/g [24] ; with these assumptions, the observed ratio is consistent with a combination of 32% muscle and 68% nonmuscle. The noncellular component of the fat-free mass could be largely made up of the skeleton, as the skeletal mass given for Reference Man is 10 kg [25] . This would be larger in men than women and would be expected to increase in size with fatfree mass. However, the differences would be small and probably not detectable in the presence of so much variation in total body potassium at a given fat-free mass.
Factor analysis gives estimates of the random errors of the three variables. The results agree well with the errors determined by experiment. This suggests that the random departures from the relationships between the measured variables and the true mass of fat-free tissues are almost entirely accounted for by analytical error, and the contribution of biological variability is small. Total body potassium gives the best estimate of fat-free tissue mass in these healthy subjects because, with the techniques we have used, it has the smallest relative error, and not because it has any apparent biological advantage.
APPENDIX
Let FFM,, TBK, and TBN, represent measured values of fat-free mass, total body potassium and total body nitrogen respectively, and FFMt, TBKt and TBNt their true values. Let L represent the value of a quantity whose magnitude is proportional to the true mass of fat-free tissue in the body.
We assume: At a given value of FFM,, the mean value of the ratio is:
x l--(l-*)] 4.
(A10)
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The standard error of the estimate (SEE) of the ratio is:
